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changers with polymer-grafted ion-exchange groups, such as dextran-grafted and poly(ethylenimine)-modified
Sepharose gels. However, it is unclear if the “chain delivery” occurs on affinity adsorption with specific interac-
tions. This work is designed to address this issue. A dextran-grafted Sepharose gel was prepared, and then the
matrixwasmodified using diethylaminoethyl, a typical ion-exchange group, or octapeptide (FYCHWQDE), an af-
finity ligand for human immunoglobulin G (hIgG) to prepare ion-exchange or affinity adsorbents, respectively.
Results of hIgG adsorption showed that the uptake rate represented by the effective diffusivity of hIgG onto
the dextran-grafted ion exchangers was obviously enhanced by the dextran grafting, indicating the presence of
“chain delivery” of the bound proteins on the charged groups on the dextran chains. By contrast, the effective
diffusivity of hIgG changed little as ligand density increased on the dextran-grafted FYCHWQDE adsorbents.
Their adsorption capacities decreased and effective diffusivities were not accelerated by the dextran grafting.
Thus, this work clarified that grafted dextran could not accelerate hIgG uptake rate on the affinity resins, or in
other words, chain delivery did not occur on the specific interaction-based affinity adsorption.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction
Polymer-grafted adsorbent has been researched extensively in ion
exchange chromatography (IEC) in recent years [1–4]. For example, as
the representative polymer-grafted ion-exchangers, dextran-grafted
IEC resins [2,5], such as the commercial SP Sepharose XL, Streamline Q
XL [2,6–8], and the customized T40-SP-X-S6B [9] were widely used for
antibody purification. Besides, poly(ethylenimine)(PEI), a synthetic
polyelectrolyte, was also modified on agarose gels to prepare polymer-
grafted IEC media [3]. Compared with conventional IEC adsorbents,
polymer-grafted IEC adsorbents have exhibited significant advantages,
especiallywith respect to the enhanceduptake kinetics [5,10]. The faster
uptake rate has been explained mainly by the “chain delivery” effect,
driven by the chemical potential of the bound proteins as well as the in-
teractions between neighboring flexible chains mediated by the bound
proteins [11,12]. In dextran-grafted [12] and PEI-modified IEC adsor-
bents [4,11], the “chain delivery” effect has been clearly identified.

However, protein uptake kinetics in polymer-grafted adsorbentwith
affinity ligands has not been studied. It is of significance to elucidate
protein uptake behavior in polymer-grafted affinity chromatography
(AC) adsorbents, because AC has been playing a vital role in protein
dation of China (21236005,
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purification [13]. Our group has developed a biomimetic design strategy
for affinity peptide ligands of human immunoglobulin G (hIgG) based
on the affinity motif of Protein A, and octapeptide FYCHWQDE was
identified as a high-affinity ligand for hIgG [14,15].

In this work, dextran-grafted Sepharose gels were prepared and
FYCHWQDE was coupled at three different ligand densities. Adsorption
behaviors of hIgG on the three adsorbents were determined and com-
pared with those on the non-grafted FYCHWQDE resins, in order to
investigate the effects of ligand density and grafted dextran on the
affinity adsorption of hIgG. In concert with experimental evidence ob-
tained in the dextran-grafted and non-grafted IEC adsorbents with
diethylaminoethyl (DEAE) ligand, the results are expected to deepen
our understanding of the roles of grafted polymer chains in the transport
of bound proteins in ion-exchange and affinity adsorbents.

2. Materials and Methods

2.1. Materials

Sepharose FFwaspurchased fromGEHealthcare (Uppsala, Sweden).
Dextran (Mw 500000) and human immunoglobulin G (hIgG,
purity N 90%) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Octapeptide FYCHWQDE was synthesized by the solid-phase
synthesis method and provided by GL Biochem Ltd. (Shanghai, China).
All other reagents were of analytical grade from local suppliers.
ustry Press. All rights reserved.



Fig. 1. Adsorption isotherms (a) and uptake curves (b) of hIgG in 20 mmol·L−1 Tris-HCl
(pH 8.0) on IEC adsorbents.
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2.2. Preparation of adsorbents

The dextran-grafted adsorbent was prepared with Sepharose FF by
the method described previously [10,16]. The initial concentration of
dextran solution was 200mg·ml−1. The obtained product was denoted
as D-FF.

In the preparation of IEC adsorbents, the functional group DEAE
was introduced as described by Shi et al. [17]. DEAE was coupled onto
D-FF and Sepharose FF at similar ligand densities by adjusting the
concentration of diethylaminoethyl chloride (DEAE-Cl) in the reaction
systems. The obtained resins were denoted as DEAE-D-FF and DEAE-FF,
respectively.

The dextran-grafted and FYCHWQDE-modified affinity gels were
prepared by coupling FYCHWQDE onto D-FF via the thiol group on the
cysteine residue in the affinity ligand as described below. First, a resin
named 2-pyridyl-disulfide-D-FF was prepared by introducing the func-
tional group 2-pyridyl disulfide to D-FF by the method described by
Ferraz et al. [18]. Then, FYCHWQDE was coupled onto 2-pyridyl-
disulfide-D-FF by the method reported previously [14]. Dextran-
grafted affinity adsorbents with three different ligand densities
(31.1, 45.3 and 59.4 μmol·ml−1) were synthesized, named W-D-31,
W-D-45 and W-D-59, respectively. Here, W-D is used to denote
the dextran-grafted FYCHWQDE adsorbents. Besides, the ligand
FYCHWQDE was also coupled directly onto Sepharose FF following
the above-mentioned method. For comparisons, non-grafted affinity
resins at the three similar ligand densities were prepared and denoted
as W-31, W-45 andW-59, respectively.

2.3. Measurement of dextran content and ligand density

The quantitative determination of dextran content was carried out
based on gravimetric determination as described in the literature
[5,19]. The results indicated a dextran content of 35 mg·ml−1. Ion-
exchange capacities of the DEAE-D-FF and DEAE-FF were determined
by the silver chloride precipitation titration reported previously [20].
The peptide ligand densities of the affinity resins were determined by
the method described by Xue et al. [15].

2.4. Adsorption isotherms and uptake kinetics

Static adsorption experiments of hIgG on IEC and AC adsorbents
were carried out in 20 mmol·L−1 Tris-HCl (pH 8.0) and 20 mmol·L−1

phosphate buffer (pH 6.0), respectively, as described earlier [15,21].
Initial protein concentration was in the range of 0.2–4.0 mg·ml−1 and
the residual concentration was detected after adsorption for 24 h,
which was confirmed to have achieved the adsorption equilibrium.
The adsorption density of protein (q) was calculated by mass balance
with the free protein concentration in equilibrium (c), and the Langmuir
model was used to describe the adsorption isotherms,

q ¼ qmc
Kd þ c

ð1Þ

where qm is the adsorption capacity and Kd is the dissociation constant.
Dynamic uptake experiments for hIgG were conducted in a 100-ml

three-neck round-bottom flask at 25 °C as described by Zhao et al.
[22]. The buffer systems used in the dynamic experiments were the
same as those in static adsorption experiments. Initial protein concen-
tration was set at 1 mg·ml−1. The effective pore diffusivity of the pro-
tein (De) was calculated by fitting the experimental uptake data to the
pore diffusionmodel described previously [19].De, a lumped kinetic pa-
rameter describing the overall uptake rate of protein adsorption, was
normalized with the free solution diffusivity of hIgG (D0) to compare
the intensification of intraparticle mass transfer [10,23]. The D0 value
of hIgG is 4.0 × 10−11 m2·s−1 at 25 °C [24]. In the kinetic studies,
each experiment was conducted in triplicate and the average value
was reported with its standard deviation.

3. Results and Discussion

3.1. Protein uptake to ion exchangers

The adsorption isotherms of hIgG on the two IEC adsorbents are
shown in Fig. 1(a). It can be seen that all the isotherms could be well
fitted by the Langmuir equation. Moreover, neither of the isotherms
reached a plateau at the concentration range tested herein, so the values
of fitted qm were not suitable to describe the adsorption abilities. How-
ever, the fitted Kd was little affected, because it is determined by the
equilibriumdata at lower concentrations (around theKd value). Besides,
initial hIgG concentration selected for investigating the uptake kinetics
was 1 mg·ml−1, and the experimental concentration was 0–
1 mg·ml−1, within concentration range tested in the adsorption iso-
therms. Thus, adsorption isotherms in Fig. 1(a) covered the concentra-
tion range used in the uptake experiment and met the requirement of
the present research.
To have a clear view of the adsorption ability of hIgG to the IEC ad-
sorbents and make a legible comparison, the adsorbed protein density
(qc) at an equilibrium liquid-phase concentration (c) of 2 mg·ml−1,
calculated from Eq. (1) using the Langmuir parameters, was used as a
substitute of protein adsorption capacity [11]. The calculated qc and
Langmuir parameterKd are listed in Table 1. It is found that the adsorption
capacities of hIgG were comparative on the DEAE-D-FF and DEAE-FF
resinswith similar ion-exchange capacities. Similar phenomenonwas ob-
served in dextran-grafted hydrophobic charge-induction chromatogra-
phy resins with ligand densities of 60–90 μmol·g−1 reported by Liu
et al. [25]. For DEAE-D-FF, the grafted dextran chains partially occupied



Table 1
Langmuir and uptake parameters of hIgG adsorption onto ion exchangers

Adsorbent Ion-exchange
capacity/mmol·L−1

qc
①/mg·ml−1 Kd/mg·ml−1 De/D0

DEAE-FF 48.5 ± 1.1 91.1 2.28 ± 0.35 0.17 ± 0.01
DEAE-D-FF 47.8 ± 1.2 85.5 1.79 ± 0.22 0.45 ± 0.02

① Adsorption density calculated from Eq. (1) at an equilibrium liquid-phase concen-
tration of 2 mg·ml−1.

Fig. 3.Adsorption isotherms (a) and uptake curves (b) of hIgG in 20mmol·L−1 phosphate
buffer (pH 6.0) on non-grafted FYCHWQDE adsorbents.
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the pore volume, which might lead to a decrease in the accessible pore
space [26] and was then negative on hIgG adsorption. However, the
grafted dextran in the resin could provide a 3-D binding volume with
better accessibility for protein binding, which was beneficial in hIgG ad-
sorption [12,19]. Interplay of the two effects would make the adsorption
capacities of DEAE-FF and DEAE-D-FF comparative.

Fig. 1(b) shows the uptake curves of hIgG on the two IEC adsorbents.
The pore diffusion model provided good simulations of the uptake
kinetics and the corresponding De/D0 values are given in Table 1. It
can be seen that the uptake curve of DEAE-D-FF changed more quickly
with the uptake time than that of DEAE-FF. The results in Table 1
show that the De/D0 value of DEAE-D-FF was 2.7 times higher than
that for DEAE-FF, indicating that the uptake rate of hIgG on DEAE-D-FF
was accelerated remarkably by the dextran grafting, which was coinci-
dent with the results of dextran-grafted IEC adsorbents reported previ-
ously [5,10,12,19,23]. Namely, the flexible dextran layer [19] offered a
“chain delivery” effect to the bound protein [3,12,27], which facilitated
hIgG uptake onto DEAE-D-FF.

3.2. Affinity adsorption to FYCHWQDE-Sepharose

The adsorption isotherms of hIgG on the dextran-grafted and
non-grafted FYCHWQDE adsorbents are shown in Figs. 2(a) and 3(a),
Fig. 2.Adsorption isotherms (a) and uptake curves (b) of hIgG in 20mmol·L−1 phosphate
buffer (pH 6.0) on dextran-grafted FYCHWQDE adsorbents.
respectively. Similar with the above ion exchange, qc (c = 2 mg·ml−1)
was used to approximate hIgG adsorption capacity and the calculated
values are listed in Table 2 together with the Kd values for comparison
of the three pairs of dextran-grafted and non-grafted FYCHWQDE-
Sepharose resins.
Table 2
Langmuir and uptake parameters of hIgG adsorption onto FYCHWQDE-Sepharose resins

Adsorbent Ligand density/μmol·ml−1

31.1 45.3 59.4

Dextran-graft qc
①/mg·ml−1 104.5 124.8 114.3

Kd/μM 4.29 ± 0.48 9.93 ± 0.80 11.47 ± 1.20
De/D0 0.17 ± 0.01 0.17 ± 0.01 0.16 ± 0.01

Non-graft qc
①/mg·ml−1 129.0 143.5 149.3

Kd/μM 2.82 ± 0.37 2.39 ± 0.16 3.90 ± 0.35
De/D0 0.22 ± 0.01 0.17 ± 0.01 0.15 ± 0.01

① Adsorption density calculated from Eq. (1) at an equilibrium liquid-phase concen-
tration of 2 mg·ml−1.
It is found from Table 2 that, for the three pairs of FYCHWQDE ad-
sorbents, the adsorption capacities of hIgG on theW-D resins decreased
by the dextran grafting, distinctly different from the ion-exchange ad-
sorption with dextran-grafted IEC adsorbents reported in literatures
[5,10,23]. However, it is similar to the dextran-grafted mixed-mode
chromatography (MMC) adsorption reported by Yu et al. [19], in
which the decrease of adsorption capacity was attributed to the col-
lapse of dextran layer caused by hydrophobic interaction between the
ligands (4-(1H-imidazol-1-yl) aniline). Besides, it was reported that
hydrophobic interaction, generated between the hydrophobic ligands
(benzoyl groups or butyl groups) immobilized on PEI chains, also led
to the collapse of PEI chains grafted in MMC adsorbents at high NaCl
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concentrations [27,28]. In this research, there are three hydrophobic
residues (phenylalanine, tyrosine and tryptophane) in FYCHWQDE.
Therefore, hydrophobic interactions via the FYCHWQDE ligands
coupled on the dextran chainsmight lead to partial or complete collapse
of the dextran layer. Thus, the grafted dextran on theW-D resins could
not provide a 3-D binding volume, but the chain collapse caused a de-
crease in the accessible pore space, resulting in the decrease of the ad-
sorption capacities of the W-D resins. This speculation was supported
by the increase in Kd values with dextran grafting, as given in Table 2.
The dextran layer collapse in the W-D resins made the binding sites
for hIgG less than those in the corresponding non-grafted resins of
the same ligand densities [27]. Less binding sites for hIgG weakened
the binding strength for hIgG [4], resulting in the increase of Kd, the
apparent value of dissociation constant.

Only to the W-D resins, the value of qc presented an inverted
V-shape as ligand density increased. The available binding sites for
hIgG increased with ligand density. However, the severer dextran
layer collapse with increasing hydrophobic ligand density [28] reduced
the available binding sites. By the interplay of the two opposite factors,
the adsorption capacity reached the maximum on W-D-45. Moreover,
the two opposite effects on the available binding sites for hIgG on the
W-D resins also led to weakened affinities for hIgG, namely an increase
in Kd value as the ligand density increased, as shown in Table 2.

Figs. 2(b) and 3(b) show the uptake curves of hIgG on the dextran-
grafted andnon-grafted FYCHWQDE adsorbents, respectively, and calcu-
lated values ofDe/D0 are summarized in Table 2. It could be observed that
the uptake curves of the three W-D resins were similar, in accordance
with the values of fitted De/D0 listed in Table 2, implying that the effec-
tive pore diffusivity of hIgG on the dextran-grafted AC resin was not in-
fluenced obviously by ligand density. From Table 2, it can also be seen
that the De/D0 value for W-D-31 was obviously smaller than that for
W-31. Namely, there was slower protein uptake to the dextran-grafted
affinity resin. This indicates that the grafted dextran layer reduced the
pore size [19] and then increased the hindrance for protein pore diffu-
sion [3,20]. More importantly, it is found that the De/D0 values for the
W-D resins were quite similar with those for the non-grafted ion ex-
changers listed in Table 1. This implies the lack of chain delivery effect
on the affinity adsorbent, even though the presence of polymer chains.

Thus, it can be concluded that different from ion-exchange
adsorption, chain delivery does not happen for affinity adsorption to
Fig. 4. Schematic illustrations of mass transfer in (a) dextran-grafted IEC pore surface and (b)
polymer chains with adsorbed proteins after swing, and the dashed black box with a light
herein). The quantities of the dextran chains and the ligands in this figure do not represent t
not represent its real density while in (b) indeed does (single binding site). In (a) it shows
delivery does not occur due to the lack of extra affinity binding sites on the protein.
polymer-grafted porous media. This is considered due to the specific
binding of the affinity ligand to the protein. Because there is only one
single binding site (the consensus inter-CH2-CH3 interaction site) on
the Fc fragment of hIgG [15], it is obvious that the bound protein was
not able to interact with another ligand on a neighboring polymer
chain. That is, the basis for chain delivery does not exist for the affinity
adsorption. In other words, chain delivery only happens for multivalent
proteins (proteins with many binding sites like charged groups) bound
on flexible chains of enough length.

3.3. Further discussion on chain delivery

From the above results, it was clear that the uptake rate of hIgG could
be enhanced by chain delivery effect in dextran-grafted IEC resin, similar
with many other polymer-grafted IEC adsorbents [3,5,10–12], as illus-
trated in Fig. 4(a). The transfer of the bound protein on a polymer
chain was facilitated through the electrostatic interaction between the
protein and the neighboring chain by the flexible chain swings.

However, chain delivery effect did not happen in the AC adsorbent,
as illustrated in Fig. 4(b). For the protein molecule with only a single
binding site, the bound protein by affinity interaction cannot interact
with other affinity ligands on neighboring chains because of the lack
of extra binding sites. So the chain delivery did not happen in the affinity
adsorption.

Besides, chain delivery effect was not yet observed in the dextran-
grafted MMC adsorbent with 4-(1H-imidazol-1-yl) aniline as a hydro-
phobic ligand [19]. The main reason was attributed to the collapse
of dextran layer due to hydrophobic interaction between the MMC
ligand. In PEI-modified MMC adsorbent, a collapse of PEI layer hap-
pened as well on account of hydrophobic interaction generated by the
immobilized hydrophobic ligands on PEI layer, leading to that the
grafted PEI chains could not play a role in accelerating mass transfer of
protein, unlike in PEI-modified IEC adsorbents [19,28].

In comparison of the kinetic results in IEC [5,10–12], AC and MMC
[19,27,28], three necessary elements for chain delivery in polymer-
grafted adsorbents have been revealed. First, the polymer should be
long enough and of a certain flexibility to guarantee that adsorbed pro-
tein on a polymer chain can be transferred to the adjacent polymer
chains by the swing of the long and flexible chains. Second, the coupled
ligands should be of low hydrophobicity, which does not compromise
dextran-grafted affinity resin pore surface. The dashed blue curves represent the grafted
ened Y-type pattern in (a) highlights the sites for the delivery of bound protein (hIgG
heir real densities on the pore surface. The quantity of binding sites on hIgG in (a) does
chain delivery occurs for the bound hIgG via dextran chain swings while in (b) chain
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the chain delivery by causing chain collapses by hydrophobic interac-
tions. Third, the bound protein should be multivalent, making extra
binding sites available for interacting with neighboring chains once
it is bound to a chain. Thus, only protein adsorption onto flexible
polymer-grafted ion exchangers meets all the three requirements. By
contract, affinity or hydrophobic adsorption does not due to the lack
of binding sites on target proteins or chain collapses caused by hydro-
phobic interactions.

4. Conclusions

In this work, dextran-grafted Sepharose gel with a dextran grafting
density of 35mg·ml−1was fabricated and then ion-exchange and affin-
ity ligandswere separately immobilized on its surface to investigate the
roles of grafted dextran in different adsorbents. Results of hIgG adsorp-
tion on IEC adsorbents showed that the grafted dextran could markedly
enhancemass transfer of hIgG by “chain delivery” effect. For affinity ad-
sorption, however, the adsorption capacity of the affinity resins de-
creased and the dissociation constant of hIgG increased by grafting
dextran. Moreover, the uptake rate of hIgG onto the affinity resins was
not enhanced by the grafted dextran chains, indicating that “chain de-
livery” effect did not happen in the dextran-grafted affinity adsorbents.
Different roles of grafted dextran in IEC, MMC and AC resins for protein
adsorption revealed three necessary elements for the happening of
chain delivery in polymer-grafted adsorbents, namely long and flexible
polymer chains for ligand coupling, low hydrophobic ligands andmulti-
valent proteins with more than one binding sites for the ligands.

Nomenclature
c free protein concentration in equilibrium, mg·ml−1

De effective pore diffusivity of the protein, m2·s−1

D0 free solution diffusivity of hIgG (4.0 × 10−11m2·s−1 at 25 °C)
Kd dissociation constant, mg·ml−1 (or μmol·L−1)
q adsorption density of protein, mg·ml−1

qc adsorbed protein density at an equilibrium liquid-phase
concentration, mg·ml−1

qm adsorption capacity of protein, mg·ml−1
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